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Abstract
A possible composite nature of the Higgs could be revealed at the early stage of the
LHC, by analyzing the channels where the Higgs is produced from the decay of a heavy
fermion. The Higgs production from a singly-produced heavy bottom, in particular,
proves to be a promising channel. For a value λ = 3 of the Higgs coupling to a heavy
bottom, for example, we find that, considering a 125 GeV Higgs which decays into a
pair of b-quarks, a discovery is possible at the 8 TeV LHC with 30 fb−1 if the heavy
bottom is lighter than roughly 530 GeV (while an observation is possible for heavy
bottom masses up to ' 650 GeV). Such a relatively light heavy bottom is realistic in
composite Higgs models of the type considered and, up to now, experimentally allowed.
At
√
s = 14 TeV the LHC sensitivity on the channel increases significantly. With λ = 3
a discovery can occur, with 100 fb−1, for heavy bottom masses up to ' 1040 GeV. In
the case the heavy bottom was as light as ' 500 GeV, the 14 TeV LHC would be
sensitive to the measure of the λ coupling in basically the full range λ > 1 predicted
by the theory.
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1 Introduction
In this paper we consider the possibility that the LHC excess around 125 GeV [1] could
be attributed to a Higgs from a physics beyond the Standard Model. In particular we will
refer to the compelling scenario where the Higgs is a bound state of a strongly interacting
dynamics at the TeV scale [2]. It could be as light as 125 GeV, for example, if it is also
the pseudo-Goldstone boson of a spontaneously-broken global symmetry of the strong sec-
tor [3, 4].
Such scenario generally predicts strong coupling between the Higgs and the new heavy
fermions emerging from the strong sector. The contribution to the composite Higgs pro-
duction given by the decays of the heavy fermions is thus sizable. Analyses focused on this
type of channels can represent a very effective test of the composite nature of the Higgs,
which could be revealed already at the early stage of the LHC. The composite nature of the
Higgs boson can be properly analyzed from the strong scattering of Higgs and longitudinal
gauge bosons. This requires, however, a much larger amount of integrated luminosity to be
collected at the LHC, about 300 fb−1 with
√
s = 14 TeV [9]. Present searches for the Higgs
boson in the “standard” channels have begun to constraint small portions of the parameter
space of composite Higgs models [10]; they are not yet sensitive, however, to decay channels
as h → bb¯. “Alternative” channels, as the one we are proceeding to analyze, could improve
the LHC sensitivity to this decay and extend the reach on the parameter space.
The composite Higgs production through the decays of heavy quarks has been recently ana-
lyzed in [11]. Two types of productions for the heavy fermions have been considered in this
report: the double production of vector-like quarks (see also [12]) and the production of a
heavy fermion in association with its SM partner from the decay of a heavy gluon [14–17].
In this work we will consider the single production of a heavy fermion, which is mediated
by the exchange of longitudinal electro-weak bosons [5,6]. This type of production has been
1
analyzed in [5] to study the prospects of discovering the heavy fermions, without considering
the Higgs production. In this paper we present a first analysis of the Higgs production medi-
ated by the single production of a heavy fermion. As a first concrete case, we will focus our
analysis on the single production of a heavy bottom (B˜). The bottom partner can be realis-
tically lighter than other heavy resonances and its exchange leads to a particularly promising
final state with a distinctive topology. Other interesting channels, as we will highlight in
Section 4, involve the single production of heavy top partners (a thorough analysis of these
channels has been recently performed in [19]). 1
The analysis we will perform considering the single production, as first pointed out in [5],
offers, contrary to the other heavy-fermion-mediated production mechanisms, the possibility
of measuring the Higgs coupling to heavy fermions, from which it could be possible to ex-
tract important informations on the theory, such as the value of the Yukawa coupling among
composite states. A further advantage of this type of analysis resides in the fact that the
signal cross section drops slowerly than that of double production with the increasing of
the heavy fermion mass. Therefore, an analysis of single production is expected to be more
powerful than an analysis of double production, in the case of heavy fermions with mass
above roughly 600 GeV (see also [6]). The heavy fermion production from a heavy gluon
proves to be very powerful, with the possibility for a discovery at the early LHC run [13].
It has the disadvantage, however, to require the existence of a heavy gluon whose mass
has to be comprised in a range [∼ m∗,∼ 2m∗], where m∗ denotes the mass of the heavy
fermion, and to depend on several other parameters of the model, such as the top degree of
compositeness [14, 17]. The analysis we will perform, on the contrary, depends on just two
parameters (in addition to the Higgs mass and branching ratios), the heavy-bottom mass
and its coupling to the Higgs and electro-weak gauge bosons; it could be thus also easily
generalized to other scenarios.
Top partners which can be singly-produced by electroweak interactions also appear, for ex-
ample, in Little Higgs models [20]. Analyses of single production in the context of Little
Higgs theories can be found in [21].
The paper is organized as follows. In Section 2 we review the effective two-site model
that we adopt to study the phenomenology and we define the lagrangian which is relevant for
our analysis. We derive the heavy bottom production cross section and the relevant decay
rates. In Section 3 we study the prospects of observing B˜ → hb events at the LHC. We
perform a Montecarlo simulation of the signal and the main SM backgrounds and outline a
strategy to maximize the discovery significance. We discuss the results obtained and draw
our conclusions in Section 4. Finally, more details on the effective model and the expressions
for the Higgs coupling to the different heavy fermions can be found in Appendix A.
1Such analysis could give interesting informations on the theory, especially once results were compared
with those from the B˜ channel (see the discussion in Sec. 4 ).
2
2 A two-site effective theory for composite Higgs mod-
els
At energies below the compositeness scale, assumed to be of several TeV, composite operators
excite from the vacuum a tower of infinite resonances; we will work in the framework of
an effective theory that includes only the lowest-lying resonances and reproduces the low-
energy limit of a large set of composite Higgs models and warped extra-dimensional theories
with a custodial symmetry in the bulk [25]. Specifically, we will adopt a “two-site” (TS)
description [8], where two sectors, the weakly-coupled sector of the elementary fields and
the composite sector, that comprises the Higgs, are linearly coupled each other through
mass mixing terms [26]. This leads to a scenario of partial compositeness of the SM; after
diagonalization the elementary/composite basis rotates to the mass eigenstate one, made up
of SM and heavy states that are admixture of elementary and composite modes. Heavier
particles have larger degrees of compositeness: heavy SM particles, like the top, are more
composite while the light ones are almost elementary.
2.1 The model
We adopt the same two-site TS10 model introduced in ref. [17]. More details on the model
can be found in [18]. The two building blocks of the model are the elementary sector and
the composite sector. The composite sector has a SU(3)c×SO(4)×U(1)X global symmetry,
with SO(4) ∼ SU(2)L × SU(2)R. The particle content of the elementary sector is that of
the SM without the Higgs, and the SU(3)c × SU(2)L × U(1)Y elementary fields gauge the
corresponding global invariance of the strong dynamics, with Y = T 3R + X. The composite
sector comprises the composite Higgs
H = (1,2,2)0 =
[
φ†0 φ
+
−φ− φ0
]
, (1)
and the following set of vector-like composite fermions:
Q2/3 =
[
T T5/3
B T2/3
]
= (3, 2, 2)2/3
Q˜2/3 =
 T˜5/3T˜
B˜
 = (3, 1, 3)2/3 , Q˜′2/3 =
 T˜ ′5/3T˜ ′
B˜′
 = (3, 3, 1)2/3
(2)
The quantum numbers of the composite fermions and the Higgs under SU(3)c×SU(2)L×
SU(2)R × U(1)X are those specified in eqs.(1), (2).
The fermions, in particular, can be arranged in a 10 of SO(5), in fact this theory can
describe the low-energy regime of the minimal composite Higgs model MCHM10 introduced
in Ref. [22].
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The lagrangian that describes our effective theory is the following (we work in the gauge-
less limit, and omit the terms involving the SU(3)c × SU(2)L × U(1)Y elementary gauge
fields, which play no role in our analysis. We also neglect the terms involving fermions of
the 1st and 2nd generations):
L =Lelementary + Lcomposite + Lmixing (3)
Lelementary = q¯Li 6∂ qL + t¯Ri 6∂ tR + b¯Ri 6∂ bR (4)
Lcomposite = + Tr
{Q¯ (i 6∂ −MQ∗)Q}+ Tr{ ¯˜Q (i 6∂ −MQ˜∗) Q˜}+ Tr{ ¯˜Q′ (i 6∂ −MQ˜∗) Q˜′}
+
1
2
Tr
{
∂µH†∂µH
}− V (H†H) + Y∗Tr{HQ¯Q˜′}+ Y∗Tr{Q¯HQ˜}
(5)
Lmixing =−∆Lq¯L (T,B)−∆R1t¯RT˜ −∆R2b¯RB˜ + h.c. . (6)
where V (H†H) is the Higgs potential. Y∗ denotes the Yukawa coupling among composite
states; as all the couplings among composites, it is assumed to be strong, 1 < Y∗  4pi,
where 4pi marks out the non-perturbative regime. By construction, the elementary fields
couple to the composite ones only through the mass mixing lagrangian Lmixing. This implies
that the SM Yukawa couplings arise only through the coupling of the Higgs to the composite
fermions, and their mixings to the elementary fermions.
In order to diagonalize the two-site lagrangian (3) one has to make a field rotation from
the elementary/composite basis to the mass eigenstate basis [8].
The rotation in the fermionic sector can be conveniently parametrized in terms of the
following mixing parameters
tanϕtR =
∆R1
MQ˜∗
≡ sR
cR
, tanϕbR =
∆R2
MQ˜∗
≡ sbR
cbR
, tanϕL =
∆L
MQ∗
≡ s1
c1
, (7)
Here sinϕtR (shortly indicated as sR), sinϕbR (sbR), sinϕL (s1) respectively denote the
degree of compositeness of tR, bR and (tL, bL).
The physical masses are given by

mT˜
mB˜ = mT˜ cR/cbR ' mT˜ cR
mT˜5/3 = mT˜ ′5/3 = mT˜ ′ = mB˜′ = mT˜ cR
mT = mB
mT2/3 = mT5/3 = mT c1
. (8)
More details can be found in App. A.
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The final Yukawa lagrangian is shown in eq.(23) of Appendix A. We use an economical
notation where symbols denoting elementary (composite) fields before the rotation now in-
dicate the SM (heavy) fields.
After the EWSB, the SM top and bottom quarks acquire a mass, and the heavy masses in
eqs.(8) get corrections of order (vY∗/MQ∗)2. In the following, we assume r ≡ (vY∗/MQ∗) 1
and compute all quantities at leading order in r. We have the following expressions for the
top and bottom masses:
mt =
v
2
Y∗s1sR , mb =
v√
2
Y∗s1sbR . (9)
sbR is forced to be very small, sbR ' 0 (cbR ' 1), in order for the model to reproduce the
small ratio mb/mt (mb/mt ∼ sbR/sR).
In the case of a right-handed top with a large degree of compositeness, sR ' 1 (cR  1),
we see from eq. (8) that heavy fermions in the Q˜′2/3 triplet as well the T˜5/3 and the B˜
become much lighter than other fermionic resonances, mT˜ cR  mT˜ . The same happens for
T5/3 and T2/3 in the case of a composite left-handed top, s1 ' 1 (c1  1) . The appearance of
relatively light resonances is tightly connected to the presence of the custodial symmetry in
the composite sector; indeed, composite fermions which exhibit this behavior are generally
known as custodians [22–24]. In this analysis we will focus on the custodian B˜. Indirect
bounds on the B˜ mass from flavor observables and electroweak precision tests are model
dependent. A specific study of ∆F = 1 constraints on the TS10 model considered in this
analysis is presented in [18]. In general, mass values roughly below 500 GeV are allowed for
this custodian heavy bottom (see also Ref. [27]). Moreover, also lighter B˜ could be easily
accomodated if one considers particular assumptions on the flavor structure of the new
strong sector, like minimal flavor violation or CP invariance [28]. Mass values mB˜ . 500
GeV are thus realistic in composite models of the type considered here and still allowed by
experimental constraints. Present searches for heavy vector-like quarks at the LHC [29] put
a still mild constraint, mB˜ & 420 GeV, on the B˜ mass. 2
2.2 B˜ single-production and decays
The interactions beyond the SM which are relevant for our analysis of the B˜ single production
and subsequent decay into a composite Higgs can be restricted to the following terms:
LB˜,h = ¯˜B (i 6∂ −mB˜) B˜ +
1
2
Tr
{
∂µH†∂µH
}− V (H†H)
− Y∗s1cbR
(
b¯Lφ0B˜R + t¯Lφ
+B˜R
)
+ h.c.
(10)
2Ref. [29] presents a search for pair production of heavy bottoms which decay predominantly as B˜ →Wt.
We derive the limit mB˜ & 420 GeV from [29], considering a value BR(B˜ → Wt) = 0.5 instead of BR(B˜ →
Wt) = 1.
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The B˜ branching ratios (BR) are essentially fixed by the equivalence theorem to be
BR(B˜ → WLt) ' 0.50, BR(B˜ → ZLb) ' BR(B˜ → hb) ' 0.25. The rate for the B˜ decays
can be found in Appendix A.1. They depend quadratically on the vertex
λ = Y∗s1cbR ' Y∗s1 , (11)
which can be directly read from the lagrangian (10). We remind that Y∗ represents the
Yukawa coupling among composite states (see eq. (5)). The last equality in eq. (11) comes
from the fact that sbR ' 0 (cbR ' 1), to reproduce the small ratio mb/mt. The λ coupling of
the heavy bottom B˜ with the electro-weak bosons and the SM quarks affects both the decay
and the single-production of the B˜. The single production is described by the diagram in
Figure 1(a), where the intermediate exchange of a WL (ZL/h) mediates the production of
a B˜ in association with a top (bottom) and a light quark. In particular, we will focus on
the final state B˜t + jets, where the B˜ subsequently decays into a Higgs plus a bottom and
the top decays leptonically. We also consider the decay of the Higgs into a bb¯ pair, with the
same BR of that of a SM Higgs of 125 GeV.
Despite we are referring to a specific composite Higgs model, our analysis could be easily
extended to other scenarios, considering that it depends on just two parameters (once we fix
the Higgs mass and the h→ bb¯ branching ratio):
λ , mB˜ . (12)
At the end we will analyze the LHC sensitivity on the (B˜ → hb)t + jets channel in the
(mB˜, λ) parameter space. We now fix λ = 3 and we consider several B˜ mass values. In the
specific case of TS10, λ = 3 could be realized, for example, if we have a Yukawa coupling
Y∗ ∼ 3 (which is a reference value generally considered in composite Higgs models) and a
left-handed top with a large degree of compositeness, s1 ∼ 1.
The precise value for the B˜ BRs and width can be derived from Fig. 7 in Appendix A; in
the range of mass we will consider and for the reference value λ = 3 we have
BR(B˜ → hb) ' 0.26 Γ(B˜)/mB˜ ' 0.16 (13)
Fig. 1(b) shows the cross section for the B˜t+X+ c.c. single production at the LHC with√
s = 14 TeV and
√
s = 8 TeV, as a function of the B˜ mass. In Fig. 1(b) we consider both
the B˜ charges. Notice that, due to the different content of the up and down partons in the
proton, the cross section for the single-production of ¯˜B is roughly 2 times that for B˜. We
find σ( ¯˜B)/σ(B˜) ' 2 at 14 TeV LHC and ' 2.4 at 8 TeV LHC (these numbers slightly grow
up with the increasing of the B˜ mass). In our analysis we will exploit mainly kinematic cuts
and we will not make use of this charge asymmetry. Anyway it could represent a promising
variable to discriminate between signal and background, especially at 8 TeV.
3 Analysis
In this section we discuss the prospects of observing the composite Higgs production in the
channel pp→ (B˜ → (h→ bb)b)t+X at the LHC. We consider the leptonic decay of the top.
The physical final state is thus:
pp→ l±+ n jets+ 6ET . (14)
6
λW−L
q q
′
B˜
t
t¯
(a) B˜ single production.
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(b) cross section values for the B˜t + X + c.c. single production (we
consider both the B˜t¯+X and the ¯˜Bt+X channels) at the LHC with√
s = 14 TeV and
√
s = 8 TeV. We set the λ coupling to the reference
value λ = 3; cross sections scale with λ as λ2.
Figure 1: B˜ single production.
We will present a simple parton-level analysis aimed at assessing the LHC discovery reach.
We consider two center-of-mass energies:
√
s = 8 TeV, the energy of the current phase of
data taking, and
√
s = 14 TeV, the design energy that will be reached in the second phase
of operation of the LHC. Our selection strategy and the set of kinematic cuts that we will
design do not depend, however, on the value of the collider energy. This is because they will
be optimized to exploit the peculiar kinematics of the signal, and a change in the collider
energy mainly implies a rescaling of the production cross sections of signal and background
via the parton luminosities, without affecting the kinematic distributions.
3.1 Montecarlo simulation of signal and background
We simulate the signal by using MadGraph v4 [30], after implementing the TS10 model with
Feynrules [31], while for the background we make use of both MadGraph and ALPGEN [32]. 3
In our parton-level analysis jets are identified with the quarks and gluons from the hard
scattering. If two quarks or gluons are closer than the separation ∆R = 0.4, they are
merged into a single jet whose four-momentum is the vectorial sum of the original momenta.
We require that the jets and the leptons satisfy the following set of acceptance and isolation
3 The factorization and renormalization scales have been set to be equal and chosen as follows: Q = mB˜/4
for the signal; Q =
√
m2W +
∑
j p
2
Tj for WWbb+ jets; Q =
√
m2W + p
2
TW for Wbb+ jets and W + jets.
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mB˜ 5j 4j (3j + 1Mj) 3j
0.4 TeV 0.53 0.38 (13%) 0.08
0.6 TeV 0.56 0.37 (13%) 0.07
0.8 TeV 0.57 0.36 (16%) 0.07
1.0 TeV 0.57 0.36 (19%) 0.07
1.2 TeV 0.55 0.37 (26%) 0.08
Table 1: Fraction of signal events where the jet content is reconstructed to be respectively 5j
(where j denotes either a light jet or a b-jet), 4j and 3j, for different values of the B˜ mass and√
s = 14 TeV. The numbers in parenthesis in the third column represent the percentage of the
events with four jets where one of the four jets is a fat jet (Mj) resulting from the merging of the
bb¯ pair from the Higgs.
cuts:
pTj ≥ 30 GeV |ηj| ≤ 5 ∆Rjj ≥ 0.4
pT l ≥ 20 GeV |ηl| ≤ 2.5 ∆Rjl ≥ 0.4 .
(15)
Here pTj (pT l) and ηj (ηl) are respectively the jet (lepton) transverse momentum and pseu-
dorapidity, and ∆Rjj, ∆Rjl denote the jet-jet and jet-lepton separations.
Detector effects are roughly accounted for by performing a simple Gaussian smearing on
the jet energy and momentum absolute value with ∆E/E = 100%/
√
E/GeV, and on the jet
momentum direction using an angle resolution ∆φ = 0.05 radians and ∆η = 0.04. Moreover,
the missing energy 6ET of each event has been computed by including a Gaussian resolution
σ( 6ET ) = a ·
√∑
iE
i
T/GeV, where
∑
iE
i
T is the scalar sum of the transverse energies of all
the reconstructed objects (electrons, muons and jets). We choose a = 0.49. 4
Table 1 shows the fraction of signal events where the jet content is reconstructed to be
respectively 5j (where j denotes either a light jet or a b-jet), 4j and 3j, for different values of
the B˜ mass and for
√
s = 14 TeV (very similar numbers hold for
√
s = 8 TeV). The numbers
in parenthesis in the 4j column represent the percentage of the events, among those with
four jets, where the bb¯ pair from the Higgs merges into a single fat jet (which we denote as
Mj).
The events with 4j are mainly constituted by events where one jet is soft, with pT < 30
GeV. Events where one jet is a merged jet increase with larger masses, because the Higgs is
more boosted in this case, but the percentage is not so relevant; sophisticated technique of
tagging boosted object could not be useful in this case. Tab. 1 shows that the fraction of
events with four jets is not negligible. For this reason in our analysis we will select events
with at least four jets and exactly one lepton. We further require the b-tagging of at least
two b-jets.
pp→ l±+ n jets+ 6ET , n ≥ 4 , At least 2 b-tag (16)
where all objects must satisfy the acceptance and isolation cuts of eq.(15).
4This numerical value, as well as the b-tagging efficiency and rejection rate and the resolution parameters
considered in the jet smearing, have been chosen according to the performance of the ATLAS detector [33].
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The largest SM background after the event selection of eq.(16) is the irreducible back-
ground WWbb+ jets, which includes the resonant sub-processes Wtb+ jets (single top) and
tt¯+ jets. The latter, in particular, gives the largest contribution. Other backgrounds which
will turn out to be relevant after imposing our full set of kinematic cuts are Wbb+ jets and
W + jets, where at least two of the light jets are mistagged as b-jets .
For each event of the samples with b quarks (with only light jets), we estimate, taking into
account a binomial distribution, the efficiency εAL2b (ζAL2b) of tagging at least two b-jets as:
εAL2b =
∑
2≤k≤nb
(
nb
k
)
(b)
k (1− b)nb−k , ζAL2b =
(
nj
2
)
ζ2b , (17)
where εb = 0.6 is the efficiency of the b-tag and ζb = 0.01 is the probability of mistagging a
light jet as a b-jet. nb is the number of b quarks with |ηb| < 2.5, nj is the number of light
jet with |ηj| < 2.5. We found efficiencies of about 0.81 for the signal events (which have
typically four central b quarks), of about 0.35 for the WWbb + jets and the Wbb + jets
background (with typically two central b quarks) and of about 4 · 10−4 for the W + jets
background.
We have simulated the WWbb events by using MadGraph, while the other backgrounds
are generated with ALPGEN. For simplicity, in our analysis we include all the samples with
increasing multiplicity of light jets in the final state. This is a redundant procedure which
could lead to a double counting of kinematic configurations. A correct procedure would be
resumming soft and collinear emissions by means of a parton shower, and adopting some
matching technique to avoid double counting. However, retaining all the W+n jets samples,
we expect to obtain a conservative estimate of the background. Moreover some of the cuts
we will impose tend to suppress the events with larger number of jets and thus to reduce
the amount of double counting.
3.2 Reconstruction of the heavy bottom and of the Higgs reso-
nances
We are focusing our analysis on the channel pp→ (B˜ → (h→ bb)b)t+X. The physical final
state is that in eq. (16).
We have n ≥ 4 jets in the final state; two of these jets should not come from B˜, one is
the b-jet from the top decay, the other is the light jet from the initial parton that emits the
intermediate W . In order to reconstruct the B˜ resonance, we need to tag these two jets and
discard them from the possible constituents of the heavy-bottom resonance.
At a first step we tag the top and its decay products. The procedure we adopt requires
the reconstruction of the momentum of the neutrino. The transverse momentum of the
neutrino can be reconstructed from the transverse missing momentum; this latter can be
estimated, considering a pTOTT = 0 hypothesis, as p
miss
T = −
∑
pT , where
∑
pT is the sum
over the pT of all the detected final states. Once we have estimated the neutrino transverse
momentum, we can derive the neutrino longitudinal momentum, pz, by requiring that the
neutrino and the lepton reconstruct an on-mass-shell W , Mlν = 80.4 GeV. The condition
(El + Eν)2 − (plx + pνx)2 − (ply + pνy)2 − (plz + pνz)2 = M2W (18)
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gives two solutions for pνz . We find that in the ' 20% of the events, both for the signal
and the background, the eq. (18) has imaginary solutions (this corresponds to the case of a
quite off-shell leptonically decayed W ). In this case we decide to throw out the event. Our
neutrino reconstruction procedure has, therefore, an efficiency of about the 80%. Once we
have reconstructed the momentum of the neutrino, we want to reconstruct the top which is
in our signal and, in particular, to tag the jet associated to its decay. To do this, we first
reconstruct the leptonically decayed W and then we consider all the possible Wj combina-
tions. In each event we have two W → lν candidates, one for each of the two solutions of
the neutrino longitudinal momentum, eq.(18). The Wj pair that gives the MWj invariant
mass closest to the top mass, mt = 174 GeV, is selected as the pair coming from the decay
of the top. Notice that this procedure allows, as a bonus, to fully reconstruct the neutrino.
The top 4-momentum is then reconstructed by summing on the 4-momentum of the W and
of the j that form the selected pair. At this stage of the analysis, we do not want yet to
distinguish between the signal and the background. Our aim is to recognize the top we know
to be in the signal. Therefore, we choose to keep all the events in a Mtop wide range, [150
GeV, 230 GeV], in order to catch the most part of the signal events.
We thus proceed to tag the light jet from the parton that emits the intermediate W . We
can do this by considering that this jet tends to be emitted at very high rapidity. As also
discussed in [5] and first found in [7], the intermediate W tends to carry only a small frac-
tion of the initial parton energy, in order to maximize its propagator. At the same time, it
must have enough energy to produce the heavy bottom. Thus, the quark in the final state
that originates from the parton emitting the W has a high energy and a small transverse
momentum (we find a ratio of about ten between the quark energy and the quark transverse
momentum). This results in a final light jet with high rapidity, |η| & 2.5. This is a peculiar-
ity of the topology of the signal that we exploit to reconstruct the B˜ resonance and that we
will also further exploit to discriminate between the signal and the background. We check
from the Montecarlo simulation that the light jet in the signal represents the jet (not coming
from the top) with the highest rapidity in about the 80 − 90% of the cases, the fraction is
0.80 for mB˜ = 0.4 TeV and grows up to 0.89 for a B˜ of 1.2 TeV. We thus tag the light-jet, by
assuming that it coincides with the jet (not coming from the top) with the highest rapidity.
The heavy-bottom is finally reconstructed by summing on the 4-momentum of all the jets
in the final state except the jet coming from the reconstructed top and the tagged light-jet.
The Higgs can be reconstructed by considering that it is produced from the decay of the B˜
in association with a bottom. This latter can be distinguished from the jets produced from
the Higgs decay, by the fact that it tends to be more energetic than the other jets, being it
directly produced from the decay of the heavy fermion. Therefore, we reconstruct the Higgs
by summing on the 4-momentum of all the jets from the heavy-bottom, with the exception
of the most energetic jet among them.
The reconstruction of the B˜ and Higgs resonance is crucial for the discovery of such parti-
cles and to obtain an estimate value of their masses. The reconstruction of the intermediate
final state B˜tj (see Figure 1(a)) is also very useful to design a strategy for the reduction of
the background.
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LHC 8 TeV LHC 14 TeV
acceptance ν+top reco acceptance ν+top reco
Signal mB˜ = 0.4 TeV 30.8 24.3 235 136
Signal mB˜ = 0.6 TeV 4.42 3.43 37.2 23.7
Signal mB˜ = 0.8 TeV 1.01 0.773 9.63 6.46
Signal mB˜ = 1.0 TeV 3.11 2.18
Signal mB˜ = 1.2 TeV 1.14 0.850
WWbb 3510 2840 16700 13100
WWbbj 2160 1730 10600 8510
WWbbjj 800 633 4640 3560
Wbbjj 137 93.0 573 375
Wbb3j 52.9 36.2 324 213
W4j 11.2 7.61 38.4 25.0
W5j 4.42 3.05 18.7 12.3
Total
background 6680 5350 33000 25800
Table 2: Cross sections, in fb, for the signal (with λ = 3) and the main backgrounds after the
selection (16) based on the acceptance cuts of eq.(15) and the b-tag efficiencies of (17) and after
the reconstruction of the neutrino and of the top quark, for
√
s = 8 TeV and
√
s = 14 TeV.
3.3 Event selection
In Table 2 we report the value of the cross section for the signal and the main SM backgrounds
after the selection (16) based on the acceptance and isolation cuts of eq.(15) and the b-tag
efficiencies of (17) and after the neutrino and top reconstruction, for
√
s = 8 TeV and√
s = 14 TeV.
One can see that at this stage the background dominates by far over the signal. We can
however exploit the peculiar kinematics of the signal to perform a set of cuts that reduce the
background to a much smaller level. One of the peculiarities of the signal is the presence of
the heavy fermionic resonance among the intermediate final states. Its production requires
the exchange of a large amount of energy and leads to very energetic final states. We find
very effective applying a cut on the invariant mass of all the B˜tj particles in the intermediate
final state as well a cut on the transverse momentum of the jet with the highest transverse
momentum, among the final jets that do not come from the top. We will also apply a cut
on the pT of the second hardest jet (not coming from the top) and on the pT of the top. The
other important characteristic of the signal topology, as already discussed, is the presence of
a final jet at very high rapidity. We exploit this feature imposing a cut on the rapidity of the
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most forward jet. Further conditions are imposed on the Higgs, which is slightly boosted,
since it comes from a heavy particle, and is emitted at quite low rapidity.
We show in Fig. 2 the pT distributions of the hardest (j(1)) and of the second hardest (j(2))
jet, not coming from the top, the pT distribution of the top and the Mtot invariant mass of
the system B˜tj, where the B˜, the top and the light-jet are the objects in the intermediate
final state, which we have reconstructed following the procedure explained in Sec. 3.2 . In
Fig. 3 we show the |η| distribution of the jet with the highest rapidity (j(HR)), in Fig. 4
we report the distribution of the Lorentz factor of the reconstructed Higgs and of the Higgs
rapidity. We show the distributions (normalized to unit area) for the total background and
for the signal referred to different B˜ mass values.
As expected, the signal from highest B˜ mass values has ever more energetic final particles;
especially the distributions on pT j(1) and on Mtot shift on larger values with the increasing
of mB˜. We find a set of optimized cuts that minimizes the integrated luminosity needed for
a 5σ discovery of the signal with mB˜ = 400 GeV. In the cases of higher B˜ masses we will
refine in a second step the cuts on Mtot and on pT j(1). We define the discovery luminosity to
be the integrated luminosity for which a goodness-of-fit test of the SM-only hypothesis with
Poisson distribution gives a p-value = 2.85× 10−7, which corresponds to a 5σ significance in
the limit of a gaussian distribution.
These optimized cuts are:
pT j(1) > 170 GeV pT j(2) > 100 GeV pT top > 100 GeV Mtot > 1.2 TeV
|ηj(HR)| > 2.5 pT j(HR) > 30 GeV
γ(h) > 1.4 |ηh| < 1.8 Mh−j < 70 GeV.
(19)
The cut pT j(HR) > 30 GeV is imposed in order to avoid possible conflicts with the jets
from initial state radiation5; Mh−j represents the invariant mass of the objects which form
the reconstructed Higgs, from which the most energetic jet (among them) is subtracted. The
cut on Mh−j reduces particularly the backgrounds with more than 5 jets in the final state.
The cross sections for the signal and the main backgrounds after the optimized cuts of eq.
(19) are reported in the column of Table 3 labelled as opt. The left plot in Fig. 5 shows, after
the optimized cuts, the contour plot of the invariant mass of the objects selected (with the
procedure explained in Sec. 3.2) as the Higgs decay products, Mh, versus the invariant mass
of the selected B˜ decay products, MB˜, for the total background plus the signal at different
B˜ mass values, at
√
s = 8 TeV. After the optimized cuts the background is substantially
reduced. The residual background is mainly formed by WWbb+jets events. We see, indeed,
that the most part of the events is distributed on a region around (mt,mW ) in the contour
plot (MB˜,Mh) of Fig. 5 (left plot). The reconstruction we do tend to select, in the case
of the WWbb + jets background (which is made for the most part by tt¯ + jets events) a
top instead of a B˜ and the W coming from this top instead of the Higgs. We see from the
right plot on Fig. 5 that, after cutting away the (mt,mW ) region (we impose MB˜ > 230
5We checked that this cut can be also enhanced to 40 GeV without changing significantly the results.
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LHC 8 TeV LHC 14 TeV
opt opt+ opt opt+
Signal mB˜ = 0.4 TeV 1.7 1.5 14 13
Signal mB˜ = 0.6 TeV 0.56 0.52 5.1 4.7
Signal mB˜ = 0.8 TeV 0.15 0.15 1.8 1.7
Signal mB˜ = 1.0 TeV 0.67 0.64
Signal mB˜ = 1.2 TeV 0.28 0.27
WWbb+ jets 5.2 1.1 58 11
Wbb+ jets 0.44 0.24 7.8 2.9
W + jets 0.045 0.025 0.46 0.21
Total
background 5.7 1.4 66 14
Table 3: Cross sections, in fb, for the signal (with λ = 3) and the main backgrounds after the
optimized cuts of eq. 19 (opt) and after the further cuts: MB˜ > 230 GeV and Mh > 100 GeV
(opt+), for
√
s = 8 TeV and
√
s = 14 TeV.
GeV and Mh > 100 GeV) the background is strongly reduced and we can clearly distinguish
the excess of events in correspondence of the heavy-bottom and of the Higgs resonances.
The cross sections for the signal and the background after the optimized cuts plus the cuts
MB˜ > 230 GeV and Mh > 100 GeV are shown in the opt+ column of Table 3.
Once we can recognize the heavy-bottom and the Higgs resonances we can also refine the
analysis by imposing a cut on MB˜ and on Mh. We require Mh to be comprised in the region
[100 GeV, 150 GeV] and MB˜ to be in a region of ±Γ(B˜) from the B˜ mass value; for B˜ masses
above 1 TeV (0.8 TeV) in the case
√
s = 14 TeV (
√
s = 8 TeV) we impose a cut on MB˜
of ±2Γ(B˜) from its central value. Indeed, for higher B˜ masses the background is already
strongly reduced by a milder restriction on MB˜. We also refine the cut on Mtot and on the
pT of the hardest jet according to the values shown on Table 4.
The final cross sections for the signal and the main backgrounds, after imposing the
optimized cuts of eq.(19) plus the refined cuts of Table 4, are reported in Table 5 and 6
respectively for
√
s = 8 TeV and
√
s = 14 TeV. The values of the corresponding discovery
luminosity are shown in Table 7.
For the background, we indicate in parenthesis the one-sigma statistical error on the cross
section; for the signal, the statistical error is negligible, compared to that of the background,
and we do not report it. Statistical errors on the cross sections are computed by assuming
a Poisson distribution for the number of events that pass the cuts.6 In order to obtain a
6We calculate the cross section after the application of a cut as
σ =
n
L
,
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Figure 2: Differential distributions after the neutrino and top reconstruction for
√
s = 8 TeV.
Upper left plot: pT of the hardest jet, not coming from the top, pT j(1); Upper right plot: pT of
the second hardest jet, not coming from the top, pT j(2); Lower left plot: pT of the reconstructed
top; Lower right plot: invariant mass of the system B˜ plus top plus jets, where the B˜ and the top
are the objects we have reconstructed following the procedure explained in Sec. 3.2, Mtot. The
continuous lines show the signal at different B˜ mass values, the dashed (red) line shows the total
background. All the curves have been normalized to unit area.
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Figure 3: Differential distribution of the rapidity of the jet with the highest rapidity (j(HR)),
after the neutrino and top reconstruction for
√
s = 8 TeV. The continuous lines show the signal
at different B˜ mass values, the dashed (red) line shows the total background. All the curves have
been normalized to unit area.
h
(h)=E(h)/Mγ
0 1 2 3 4 5 6 7 8 9 100
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09 =0.4 TeVB~SIGNAL M
=0.6 TeV
B~
SIGNAL M
=0.8 TeV
B~
SIGNAL M
BCKG
|
h
η|0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
=0.4 TeV
B~
SIGNAL M
=0.6 TeV
B~
SIGNAL M
=0.8 TeV
B~
SIGNAL M
BCKG
Figure 4: Differential distributions after the neutrino and top reconstruction for
√
s = 8 TeV. Left
plot: distribution of the Lorentz factor of the reconstructed Higgs, γ(h); Right plot: distribution
of the Higgs rapidity, |ηh|. The continuous lines show the signal at different B˜ mass values, the
dashed (red) line shows the total background. All the curves have been normalized to unit area.
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Figure 5: Contour plots of the invariant mass of the objects selected (with the procedure explained
in Sec. 3.2) as the Higgs decay products, Mh, versus the invariant mass of the selected B˜ decay
products, MB˜, for the total background plus the signal at mh = 125 GeV and at different B˜ mass
values (400 GeV, 600 GeV and 800 GeV), at
√
s = 8 TeV. Left plot: signal and background events
after the optimized cuts of eq. (19); Right plot: signal and background events after the optimized
cuts of eq. (19) plus the cuts MB˜ > 230 GeV and Mh > 100 GeV.
mB˜ 0.4 0.6 0.8 1.0 1.2
Mtot > 1.2 1.3 1.4 1.7 1.8
pT j(1) > 0.17 0.24 0.30 0.42 0.46
Mh ∈ [0.10, 0.15] [0.10, 0.15] [0.10, 0.15] [0.10, 0.15] [0.10, 0.15]
MB˜ ∈ 0.4 ±Γ(B˜) 0.6 ±Γ(B˜) 0.8 ±Γ(B˜) (14 TeV LHC) 1.0 ±2Γ(B˜) 1.2 ±2Γ(B˜)
0.8 ±2Γ(B˜) (8 TeV LHC)
Table 4: Refined cuts, in TeV, for different B˜ mass values (first row), in TeV.
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LHC 8TeV mB˜ = 0.4 TeV mB˜ = 0.6 TeV mB˜ = 0.8 TeV
Signal 0.788 0.234 0.073
WWbb+ jets 0.10(2) 0.02(1) 0.02(1)
Wbb+ jets 0.017(4) 0.011(3) 0.013(4)
W + jets 0.0015(3) 0.0013(3) 0.0014(3)
Total
background 0.12(2) 0.04(1) 0.04(1)
Table 5: Cross sections, in fb, at
√
s = 8 TeV for the signal (with λ = 3) and the main backgrounds
after imposing the optimized cuts of eq.(19) plus the refined cuts of Table 4. The statistical errors
on the cross sections have been computed as explained in the text.
LHC 14TeV mB˜ = 0.4 TeV mB˜ = 0.6 TeV mB˜ = 0.8 TeV mB˜ = 1.0 TeV mB˜ = 1.2 TeV
Signal 6.65 2.15 0.777 0.248 0.110
WWbb+ jets 0.9(1) 0.16(5) 0.16(5) 0.04(3) 0.04(3)
Wbb+ jets 0.16(2) 0.14(2) 0.10(2) 0.06(1) 0.020(8)
W + jets 0.012(2) 0.011(2) 0.007(2) 0.002(1) 0.0011(9)
Total
background 1.0(1) 0.31(5) 0.27(5) 0.09(3) 0.06(3)
Table 6: Cross sections, in fb, at
√
s = 14 TeV for the signal (with λ = 3) and the main
backgrounds after imposing the optimized cuts of eq.(19) plus the refined cuts of Table 4. The
statistical errors on the cross sections have been computed as explained in the text.
conservative estimate of the discovery luminosity, we consider the central value plus one-
sigma as the value of the background cross section.
3.4 Discovery reach on the parameter space
All the numbers shown in Tables 5, 6 and 7 hold for a fixed coupling λ = 3. It is very
interesting to study the dependence of our results on the coupling λ; this, indeed, could
where n is the number of simulated events that pass the cut and L is the integrated luminosity reached in
the simulation. Given the observed number of events, n, the true value of the number of events passing the
cut, λ, follows a Poisson distribution:
f(λ|n) = λe
−λ
n!
.
the variance associated with λ is V ar[λ] = n+ 1, we thus associate to the cross section a variance:
V ar[σ] =
n+ 1
L2
.
When we sum over different cross section values, the error is summed in quadrature.
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LHC
√
s = 8TeV
mB˜[TeV]
0.4 0.6 0.8
Ldisc [fb
−1] 14 50 340
LHC
√
s = 14TeV
mB˜[TeV]
0.4 0.6 0.8 1.0 1.2
Ldisc [fb
−1] 1.5 4.8 23 78 260
Table 7: Value of the integrated luminosity required for a 5σ discovery after the optimized cuts
of eq.(19) plus the refined cuts of Table 4, for
√
s = 8 TeV (upper panel) and
√
s = 14 TeV (lower
panel).
give us an estimate of the LHC sensitivity to measure the Higgs (and electro-weak bosons)
coupling to the heavy fermion, for different masses of this latter, and, consequently, to obtain
a hint on the value of the Yukawa coupling among composites (Y∗), depending on the top
degree of compositeness (s1). We can generalize our results to different λ values, by simply
considering that the production cross section scales with λ2. B˜ BRs do not depend on λ
and, a part from the production cross section, the only residual dependence of our results
on λ is in the B˜ total decay width, which depends on λ quadratically. It is thus possible
to estimate how the LHC discovery reach varies with λ by simply rescaling the numbers in
Tables 5, 6 to take into account the change in the production cross section.
The result is reported in Fig. 6. The two plots show the region in the plane (mB˜, λ) where
a 5σ discovery is possible for the LHC at
√
s = 8 TeV with L = 30 fb−1 and L = 15 fb−1
(upper plot), and at
√
s = 14 TeV with L = 100 fb−1 (lower plot).
We did not take into account the variation with λ of the B˜ total decay width. In the
region with λ > 3 this latter is larger than the values considered in the analysis. In such
region, however, the significance goes down to values below 5σ only in correspondence of the
highest B˜ masses, for which we applied a quite mild cut, of ±2Γ(B˜), on the invariant mass
MB˜. We thus believe that Fig. 6 traces a conservative picture of the LHC reach.
4 Discussion
Our results are summarized by Fig. 6. They show that, for a reference value λ = 3 of the
Higgs coupling to a heavy bottom B˜, the 8 TeV LHC with 30 fb−1 can discover a Higgs
from a singly-produced heavy bottom if this latter has a mass mB˜ . 530 GeV (while an
observation is possible for mB˜ . 650 GeV). These values for the B˜ mass are realistic, for
example, in the case of a right-handed top with a large degree of compositeness. A possible
composite nature of the Higgs could be thus revealed in the (B˜ → (h→ bb)b)t+X channel
18
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Figure 6: LHC discovery reach in the plane (mB˜, λ). The blue area shows the region where a
discovery of the signal pp→ (B˜ → (h→ bb)b)t+X is possible at 5σ. The 3σ reach is shown by the
dotted red curve. Upper plot: LHC at
√
s = 8 TeV with an integrated luminosity L = 30 fb−1; the
5σ reach at L = 15 fb−1 is also plotted and shown by the continuous black line; Lower plot: LHC
at
√
s = 14 TeV with L = 100 fb−1.
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Final state Mediating heavy fermion light for
hbt + jets (WL exchange) B˜ BR(B˜ → hb) ' 25% composite tR
T˜ BR(T˜ → ht) ' 25%
T˜
′
BR(T˜
′ → ht) ' 25% composite tR
htt¯ + jets (ZL/h exchange) T BR(T → ht) ' 50%
T2/3 BR(T2/3 → ht) ' 50% composite tL
T˜ BR(T˜ → ht) ' 25%
T˜
′
BR(T˜
′ → ht) ' 25% composite tR
hbb¯ + jets (ZL/h exchange) B˜ BR(B˜ → hb) ' 25% composite tR
B˜
′
BR(B˜
′ → hb) ' 50% composite tR
Table 8: Pattern of the contribution to the Higgs production from different singly-produced heavy
fermions in the TS10. We indicate the final state, the type of mediating heavy fermion and the
condition when this latter could be light.
already in the current phase of the LHC run. The LHC reach on the plane (mB˜, λ) is wide
at
√
s = 14 TeV. With λ = 3 the LHC with 100 fb−1 can discover a Higgs from a heavy
bottom for masses of this latter up to ' 1040 GeV. In the case of a custodian heavy bottom
as light as ' 500 GeV, the 14 TeV LHC is sensitive to the measure of the λ coupling in
basically the full range λ > 1 predicted by the theory.
The single production of a heavy fermion is thus a very promising channel to observe the
Higgs and to test its possible composite nature. The B˜t + X, in particular, proves to
be an interesting channel also for the discovery of the heavy bottom. Since BR(B˜ →
hb) ' BR(B˜ → Zb), results similar to those obtained in this work are expected from the
(B˜ → (Z → hadrons)b)t+X channel if one adopts the strategy outlined here, with a vari-
ation in the cut on the Higgs (Z) invariant mass.
In this work we have studied the single production of a heavy bottom; further contributions
to the composite Higgs production are expected from other heavy fermions. In Table 8 we
finally list all the channels where heavy fermions can mediate the production of a composite
Higgs in the TS10; similar scenarios are expected in different composite Higgs models with
custodial symmetry. For each final state we indicate the type of mediating heavy fermion
and the condition when this latter could be light. Comparative analyses of these channels
can shed light on the theory and on the EWSB mechanism; The measure of the λ couplings
of the Higgs to different heavy fermions could give the possibility of extracting the value of
the Yukawa coupling among composite states and the top degree of compositeness (see the
expressions for the λ couplings in eq. (24) of the Appendix A).
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Appendix
A TS10
Fermions rotate from the elementary/composite basis to the physical light(SM)/heavy basis
as:
tanϕL =
∆L
MQ∗
≡ s1
c1{
tL = c1t
el
L − s1T comL
TL = s1t
el
L + c1T
com
L
{
bL = c1b
el
L − s1BcomL
BL = s1b
el
L + c1B
com
L
(20)
tanϕR =
∆R1
MQ˜∗
sR ≡ sinϕR cR ≡ cosϕR
tanϕbR =
∆R2
MQ˜∗
sbR ≡ sinϕbR cbR ≡ cosϕbR{
tR = cRt
el
R − sRT˜ comR
T˜R = sRt
el
R + cRT˜
com
R
{
bR = cbRb
el
R − sbRB˜comR
B˜R = sbRb
el
R + cbRB˜
com
R
(21)
Physical heavy fermion masses are related to the bare ones as:
mT˜ =
√
M2
Q˜∗ + ∆
2
R1 =
MQ˜∗
cR
mB˜ =
√
M2
Q˜∗ + ∆
2
R2 =
MQ˜∗
cbR
mT˜5/3 = mT˜ ′5/3 = mT˜ ′ = mB˜′ = MQ˜∗
mT = mB =
√
M2Q∗ + ∆
2
L =
MQ∗
c1
mT2/3 = mT5/3 = MQ∗
(22)
After field rotation to the mass eigenstate basis (eq.s (20) and (21)), and before EWSB, the
final Yukawa Lagrangian reads:
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LY UK =Y∗c1cR 1√
2
(
T¯Lφ
†
0T˜R − B¯Lφ−T˜R
)
− Y∗cR 1√
2
(
T¯2/3Lφ0T˜R + T¯5/3Lφ
+T˜R
)
− Y∗s1cR 1√
2
(
t¯Lφ
†
0T˜R − b¯Lφ−T˜R
)
+ Y∗s1sR
1√
2
(
t¯Lφ
†
0tR − b¯Lφ−tR
)
+ Y∗sR
1√
2
(
T¯2/3Lφ0tR + T¯5/3Lφ
+tR
)− Y∗c1sR 1√
2
(
T¯Lφ
†
0tR − B¯Lφ−tR
)
+ Y∗
1√
2
(
T¯Rφ
†
0T˜L − B¯Rφ−T˜L
)
− Y∗ 1√
2
(
T¯2/3Rφ0T˜L + T¯5/3Rφ
+T˜L
)
+ Y∗
(
T¯5/3Lφ
†
0T˜5/3R − T¯2/3Lφ−T˜5/3R
)
+ Y∗
(
T¯5/3Rφ
†
0T˜5/3L − T¯2/3Rφ−T˜5/3L
)
− Y∗s1cbR
(
b¯Lφ0B˜R + t¯Lφ
+B˜R
)
+ Y∗s1sbR
(
b¯Lφ0bR + t¯Lφ
+bR
)
− Y∗c1sbR
(
B¯Lφ0bR + T¯Lφ
+bR
)
+ Y∗c1cbR
(
B¯Lφ0B˜R + T¯Lφ
+B˜R
)
+ Y∗
(
B¯Rφ0B˜L + T¯Rφ
+B˜L
)
+ Y∗
(
B¯Rφ
†
0B˜
′
L + Y∗T¯2/3Rφ
+B˜′L
)
Y∗
1√
2
(
T¯Rφ
†
0T˜
′
L + B¯Rφ
−T˜ ′L
)
− Y∗ 1√
2
(
T¯2/3Rφ0T˜
′
L − T¯5/3Rφ+T˜ ′L
)
+ Y∗c1
1√
2
(
T¯Lφ
†
0T˜
′
R + B¯Lφ
−T˜ ′R
)
− Y∗ 1√
2
(
T¯2/3Lφ
†
0T˜
′
R − T¯5/3Lφ+T˜ ′R
)
− Y∗s1 1√
2
(
t¯Lφ
†
0T˜
′
R + b¯Lφ
−T˜ ′R
)
+ Y∗
(
T¯5/3Rφ0T˜
′
5/3L − T¯Rφ−T˜ ′5/3L
)
+ Y∗c1
(
B¯Lφ
†
0B˜
′
R − T¯Lφ−T˜ ′5/3R
)
− Y∗s1
(
b¯Lφ
†
0B˜
′
R − t¯Lφ−T˜ ′5/3R
)
+ Y∗T¯2/3Lφ+B˜′R + Y∗T¯5/3Lφ0T˜
′
5/3R + h.c.
(23)
A.1 Heavy fermion decays
Heavy fermions are essentially composite states, therefore they couple strongly to composite
modes. Heavy fermions (χ) decay thus into longitudinally polarized bosons or into the Higgs
(plus a SM fermion ψ); the widths for these decays are as follows:
Γ (χ→ WLψ) =
λ2Wχ
32pi
Mχ
[(
1 +
m2ψ −M2W
M2χ
)(
1 +
m2ψ + 2M
2
W
M2χ
)
− 4m
2
ψ
M2χ
]
×
√√√√1− 2m2ψ +M2W
M2χ
+
(
m2ψ −M2W
)2
M4χ
Γ (χ→ ZLψ) =
λ2Zχ
64pi
Mχ
[(
1 +
m2ψ −M2Z
M2χ
)(
1 +
m2ψ + 2M
2
Z
M2χ
)
− 4m
2
ψ
M2χ
]
×
√√√√1− 2m2ψ +M2Z
M2χ
+
(
m2ψ −M2Z
)2
M4χ
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Figure 7: BRs (Left Plot) and total decay width (Right Plot) of B˜. The width depends quadrat-
ically on λ; the continuous line in the Right Plot refers to λ = 3, the dotted lines define a range of
variation 2 < λ < 4 of the total decay width.
Γ (χ→ hψ) = λ
2
hχ
64pi
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− M
2
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)√(
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2
ψ
M2χ
+
M2h
M2χ
)2
− 4M
2
h
M2χ
.
Vertices λW/Z/hχ are:
for the T decays (T → Wb, T → Zt, T → ht)
λWT ' 0 , λZT = λhT = Y∗c1sR
for the B decays (B → Wt, B → Zb, B → hb)
λWB = Y∗c1sR , λZB ' 0 , λhB ' 0
for the T˜ decays (T˜ → Wb, T˜ → Zt, T˜ → ht)
λWT˜ = λZT˜ = λhT˜ = Y∗s1cR
for the B˜ decays (B˜ → Wt, B˜ → Zb, B˜ → hb)
λ = λWB˜ = λZB˜ = λhB˜ = Y∗s1cbR ' Y∗s1
(24)
Fig. 7 shows the BRs (Left Plot) and the total decay width (Right Plot) of B˜. The width
depends quadratically on λ; the continuous line refers to λ = 3, the dotted lines define a
range of variation 2 < λ < 4 of the total decay width.
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